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SUMMARY 

This investigation describes the development of a transonic com- 
pressor cascade and includes test results for four blade sections over 
a range of Mach number from 0.7 to 1.4. 

The results indicate that a transonic cascade is practical and will 
give much needed information applicable to compressor design. 
pressure rise is shown to be in agreement with the single-rotor test 
point which is available. 

Cascade 

INTRODUCTION 

Large gains in compressor pressure ratio and mass flow have been 
achieved at reasonable efficiency by using transonic velocities rela- 
tive to the blades (ref. 1). Many such experimental compressors have 
been investigated, and compressors having transonic velocities in por- 
tions of the first stages are operationally in use. Reported results 
of transonic compressor overall performance and blade-section per- 
formance are readily available. However, detailed study of the flow 
between the blades is naturally extremely difficult on rotating blades, 
even though techniques for measuring pressure distribution, visualizing 
the flow through schlieren and shadowgraph techniques, and hot-wire 
measurements have been developed. 

For subsonic velocities, the cascade provided a conveni,ent means 

The logical extension of subsonic-cascade 
for study of flows and design performance of blade sections at near- 
sonic entering Mach numbers. 
operation into the transonic region was prevented by choking in the 
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entrance region between the blades and the tunnel wall. 
testing, the use of a slotted-wall section along the tunnel wall as a 
means of smoothly accelerating the air just above the speed of sound 
proved a feasible means of avoiding the effects of choking. 
ciple is here applied to cascades. 

For wind-tunnel 

This prin- 

Many other problems appeared and required study. The more diffi- 
cult of these is the mechanism of the flow in the entrance region caused 
by the inability of the transonic cascade to simulate an infinitely long 
cascade. Kantrowitz described, in reference 2, the wave patterns which 
would exist in a supersonic, infinitely long cascade. 
blade would presumably extend an infinite distance f l rom this cascade 
were it not for the attenuating effects between the expansions and com- 
pressions as the distance from the blades increased. The transonic 
cascade can only simulate the flow of the infinitely long cascade to 
the extent possible with a practical number of blades which, because of 
the high power required, are very few in number. 

Waves from each 

The transonic cascade is inherently different from the subsonic 
cascade, which has end fairings designed to produce uniform flow from 
top to bottom of the cascade. Several blades will be required in the 
transonic cascade to set up a flow field which for  a portion of the 
blade row simulates the flow of an infinite cascade. 

The present investigation was undertaken at the Langley Research 
Center of the NASA to determine experimentally the feasibility of the 
design and the problems associated with the transonic cascade. A 
"-inch high-speed-cascade tunnel at the Langley Research Center was 
modified by adding a slotted floor connected to a suction system. 
blade sections were tested, one being of conventional compressor-blade 
design and others of special design. 

Four 

The present paper is a brief summary of experiments and results 
obtained in the transonic-cascade program. Unfortunately, the program 
was terminated before the complete practical solution of a transonic 
cascade could be accomplished. However, the results presented herein 
are believed to demonstrate that the transonic cascade is feasible. 

SYMBOLS 

camber, expressed as a design lift coefficient of isolated 
2 9 0  airfoil 

C 

M Mach number 
- 
M average Mach number 
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P pres  sure  

9 dynamic pressure,  pv2/2 

average total-pressure- loss  coef f ic ien t  
av 

V ve loc i ty  

X 

Y dis tance perpendicular t o  blade chord 

d is tance  p a r a l l e l  t o  blade chord 

U angle of a t t a c k  

B i n l e t  a i r f low angle 

e turning angle 

P mss dens i ty  

U 

C chord 

Subscripts : 

s o l i d i t y  ( r a t i o  of blade chord t o  gap between blades)  

1 upstream of blade row 

2 e x i t  of blade row 

t t o t a l ,  s tagnat ion 

b blade 

APPARATUS AM) METHODS 

A 7-inch high-speed-cascade tunnel a t  the  Langley Research Center 
described i n  reference 3 w a s  modified by adding a s l o t t e d  f l o o r  t o  
a t t a i n  t ransonic  speeds. 
tunnel i s  shown i n  f igure  1. S l o t s  designed t o  produce a range of 
t ransonic  Mach numbers i n  wind tunnels  a r e  described i n  many repor t s ;  
f o r  instance,  i n  reference 4.  
por t ion  of the flow through s l o t s  i n  the tunnel  w a l l s .  

A schematic cross sec t ion  of the  modified 

The Mach number i s  var ied by removing a 
A second e f f e c t  
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of the s l o t s  i s  t o  maintain a near constant s t a t i c  pressure i n  the 
d i r ec t ion  of t he  flow, thereby tending t o  reduce the s t rength  of shocks, 
r e f l ec t ions ,  choking, or veloc i ty  changes i n  the  flow. 

Eight s l o t s  p a r a l l e l  t o  the flow d i r ec t ion  and extending from a 
poin t  j u s t  behind the i n l e t  f a i r i n g  t o  the  blade package were cut  i n  
the  upper f l o o r .  
The open a rea  of the  s l o t s  ( f i g .  2 ( a ) )  w a s  found t o  be i n s u f f i c i e n t  i n  
e a r l y  t e s t s  and, hence, the  open area of t he  s l o t  w a s  doubled. The 
f i n a l  s l o t  configuration shown i n  figure 2(b) consisted of e ight  36-inch 
openings tapered t o  zero width a t  the  upstream end. 
the s l o t s  comprised about 30 percent of the  cross-sect ional  a rea  of t he  
top  f l o o r .  
t o  t he  exhaust blower. T h i s  blower was a ro t a ry  positive-displacement 
pump r a t e d  a t  10,000 cubic f e e t  per  minute and limited t o  a pressure 
r a t i o  of 2 .  Discharge was t o  the atmosphere. Boundary-layer buildup 
on the test-section side walls greatly increases the actual volume over 
the  t h e o r e t i c a l  volume, which must be removed t o  produce a given Mach 
number; and blower capabi l i ty  limited the  tunnel  upstream Mach number 
t o  1.25 with s t r a i g h t  f l o o r s .  

The area of the s l o t s  w a s  determined from reference 4. 

The open a rea  of 

An enclosed chamber w a s  placed behind the  s l o t s  and connected 

I n  order t o  l e s sen  the  required amount of flow removed through the  
s l o t s ,  the  f l a t  lower f loo r  w a s  made ad jus tab le  so  t h a t  it could be 
shaped t o  form an  M = 1.3 nozzle. (See f i g .  1.) The f l o o r  w a s  kept 
f l a t  except a t  high Mach numbers where addi t iona l  suct ion w a s  necessary. 
To prevent boundary-layer buildup, the lower f l o o r  w a s  made porous and 
the boundary l aye r  w a s  removed by a second vacuum system. On the  tun- 
n e l  s ide  w a l l s ,  protruding boundary-layer-removal s l o t s  ( f i g .  1) were 
a l s o  used t o  cont ro l  the boundary layer  as i n  previous subsonic cascade 
t e s t i n g .  
independently control led.  

These s l o t s  were a l s o  connected t o  the vacuum system and 

Fa i r ings  ( f i g .  1) were used a t  the ends of the upper and lower 
f l o o r s  t o  cont ro l  t h e  flow a t  the  ends of the cascade. The ad jus tab le  
lower-floor extension w a s  made porous and t h e  boundary layer  removed t o  
prevent separat ion.  The upper f loo r ,  having a less c r i t i c a l  pressure- 
r ise condition, w a s  not porous but w a s  ad jus tab le .  

I n  t h e  tes ts  of a cascade i n  which the  s ide  walls converged through 
the  blade package, the geometric shapes required t o  permit adjustment 
t o  the  f l o o r s  were so  complex t h a t  an  a l t e r n a t e  system w a s  used. I n  
t h i s  system, suct ion chambers were provided t o  remove a l l  the flow 
between the  walls and the  upper and lower blades v i a  the  side-wall suc- 
t i o n  system. 
system and w a s  only used i n  t h e  converging-wall cascade tests.  

This system taxed the capacity of the side-wall suct ion 

Side w a l l s  of the tes t  sec t ion  made e n t i r e l y  of g l a s s  were used i n  
order t ha t  s ch l i e ren  observation could be made over the e n t i r e  length 
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of the cascade. The upstream flow d i s t r ibu t ion ,  espec ia l ly  a t  the  end 
blade f o r  the  t ransonic  cascade, w a s  most c r i t i c a l ;  and during t e s t i n g  
viewing of the flow by sch l ie ren  w a s  the most p r a c t i c a l  and successful  
means of quickly est imat ing the  uniformity of the flow i n  order t o  take 
correct ive measures. 

For subsonic-cascade operation a row of s ta t ic -pressure  o r i f i c e s  
w a s  contained i n  the  s ide  w a l l s  about two blade chords upstream of the 
blade row designated s t a t i o n  A i n  f igure  1. 
the  o r i f i c e s  were located qui te  close t o  the blade row, about one-half 
chord upstream i n  the  g l a s s  w a l l s .  These, however, were not included 
i n  the  f i rs t  blade package tes ted ,  the converging-wall tes ts .  I n  a l l  
other blade tests the  o r i f i c e  loca t ions  are c l ea r ly  v i s i b l e  i n  t h e  
sch l ie ren  photographs. 
tube upstream of the nozzle i n  the  s e t t l i n g  chamber. 
%otal-pressure rake w a s  mounted downstream of the blade row f o r  down- 
stream t o t a l  pressure.  Stat ic-pressure t aps  were contained i n  the  
center blade a t  midspan. Downstream s t a t i c  pressure was obtained from 
the  average of the w a l l  p ressure-or i f ice  pressures  located as shown i n  
f igu re  1. 

For t ransonic  operation 

The t o t a l  pressure w a s  measured from a p i t o t  
A conventional 

One cascade w a s  t e s t e d  w i t h  cascade s ide  w a l l s  converging from 
7 inches i n  span approximately 1/2 inch upstream of the  blade row t o  
6 inches i n  span a t  a point  1/2 inch downstream of the  blade row, 
thereby requi r ing  a l e s s  c r i t i c a l  pressure-r ise  condition for the  cas- 
cade. The upstream bend i n  the g l a s s  w a l l s  can be seen i n  the sch l ie -  
r en  photographs f o r  t h i s  cascade. I n  t e s t i n g  the converging-wall 
blade package, which had no provis ion f o r  measuring s t a t i c  pressures  
c lose t o  the cascade, d i f f i c u l t y  w a s  experienced i n  determining t h e  
upstream Mach number. An attempt w a s  made t o  measure flow d i r ec t ion  
and Mach number from in t e r sec t ions  of Mach waves from small disturb- 
ances placed i n  t h e  tunnel. Small bead chains were mounted about 
2 inches on e i ther  s ide  of t he  center l i n e  t o  generate small shocks, 
and these may be seen i n  many of the sch l ie ren  photographs. 

BLADE TESTS AND PRESENTATION OF RESULTS 

Blade Se c t ions 

I n  order t o  decrease pressure r i s e  on the  blade upper surface,  
blade sec t ions  have been designed i n  the forward por t ion  with very lit- 
t l e  surface curvature and with the loading on the  surface of highest  
curvature on the  rearward por t ion  of the blade; consequently, two 
blades were designed by combining these fea tures .  The blade sec t ion  
designated T1- ( 8 ~ ~ 1 ~ ) 0 6  ( ref .  1) has the maximum thickness loca ted  a t  
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the  65-percent-chord point  as compared t o  the  40-percent-chord point  
f o r  the NACA 65-series thickness d i s t r i b u t i o n  frequently used f o r  sub- 
sonic compressor blading. The coordinates f o r  t h i s  thickness d i s t r i -  
but ion are given i n  t a b l e  I and a comparison w i t h  the  65-series thick- 
ness d i s t r i b u t i o n  i s  presented i n  figure 3 f o r  a maximum thickness of 
6 percent.  
a r e  given i n  references 1 and 5. 
i n  tests of t h i s  blade sect ion w a s  designed t o  duplicate the axial- 
veloci ty  change which occurred i n  the r o t o r  tests.  

T h i s  sect ion w a s  t e s t e d  i n  a transonic r o t o r  and the r e s u l t s  
The convergence of the cascade walls 

The second blade section, re fer red  t o  as blade CW1, has a 5 O  wedge 
a t  the  leading edge, a f l a t  bottom, and a circular-arc  t ra i l ing-edge 
a i r f o i l  sect ion and i s  shown i n  figure 4 along w i t h  construction dimen- 
s ions f o r  a m a x i m u m  thickness of 6.3 percent.  The t h i r d  blade sect ion 
w a s  CW1 reversed, t r a i l i n g  edge t o  leading edge, and i s  re fer red  t o  as 
the CW2 blade sect ion.  

A four th  a i r f o i l ,  the  65-(4Alo)06, has been frequently used for  
high-speed and compressor-tip sections,  and w a s  t e s t e d  primarily f o r  
comparative purposes. The coordinates f o r  t h i s  a i r f o i l  are given i n  
t a b l e  11. 

A l l  a i r f o i l s  were of 2.8-inch chord. Reynolds number based on 
6 chord a t  M1 = 1.0 i s  1.4 x 10 and i s  above the value where com- 

pressor blades have been known t o  exhib i t  Reynolds number e f f e c t s .  

Presentation of Results 

Performance of the blade sect ion i s  presented i n  tabulated form i n  

Data a t  the higher i n l e t - a i r  angles are presented i n  f i g -  
figures 5 t o  25, and t a b l e  I11 tabula tes  conveniently the various con- 
f igura t ions .  
ures  5 t o  14 and a t  the lower i n l e t - a i r  angles i n  f igures  15 t o  25. 
Each f igure i s  composed of four schl ieren p ic tures  and four corresponding 
tables, each one of which represents  a d i f f e r e n t  enter ing Mach number. 
The tabulated port ion of each of figures 5 t o  25 presents the  Mach nun- 
ber d i s t r i b u t i o n  taken from the s t a t i c  o r i f i c e s  i n  the g lass  w a l l  gl 
(side-wall  o r i f i c e  locat ions a r e  shown i n  the schl ieren photographs), 
the  surface Mach number on the middle blade i n  the cascade b, the  
average - total -pressure- loss  coef f ic ien ts ,  and the average e x i t  Mach 
number q. The tabulated blade surface Mach numbers Mb begin 
near the t r a i l i n g  edge of the  blade on the  pressure surface and con- 
t inue around the blade clockwise a t  various chordwise pos i t ions .  The 
Mach numbers a r e  calculated by assuming no total-pressure loss. Fig- 
ures  26 t o  30, inclusive,  present comparative pressure-r ise  and 
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pressure-loss values against  Mach number f o r  several  of the configura- 
t i o n s  invest igated.  

DISCUSSION OF TEST RESULTS 

T e s t  Section Flow 

Upstream flow region.- Expansions o r  compressions from the blades 
of the cascade are propagated only i n  a region boupded by the leading- 
edge shock of the f i rs t  blade i n  cascade. Kantrowitz has shown i n  ref- 
erence 2 t h a t  the compression and expansion waves upstream of an i n f i -  
n i t e  cascade o r  r o t o r  emanating from each blade must cancel, and the 
upstream Mach number w i l l  be t h a t  of the flow i n  the region where the 
waves are cancelled. I n  the t ransonic  cascade the upstream region 
influenced by the blades i s  limited by the bow wave of the first blade 
and the  tunnel w a l l  above the blades.  
blade i n  cascade is ,  i n  e f f e c t ,  i n  an i s o l a t e d  flow f i e l d  uninfluenced 
by any preceding blade.  The flow f i e l d  generated by the  upper surface 
of the f i rs t  blade i n  cascade encompasses a l l  the  remaining blades and 
probably changes both the  Mach number and flow d i r e c t i o n  f o r  a l l  t h e '  
remaining blades. Similarly,  t h e  second blade influences the remaining 
blades i n  cascade, but  t o  a d i f f e r e n t  degree because the  flow f i e l d  a t  
the leading edge of the second blade i s  i n  the l o c a l  flow f i e l d  of the 
first blade.  Thus, the f i r s t  several  blades i n  cascade set up a flow 
f i e l d  themselves as the expansions and compressions ernanate from the 
leading edge and upper surface.  The disturbances emanating from blades 
behind other blades w i l l  neu t ra l ize  expansion w i t h  compressions, as 
shown by Kantrowitz i n  reference 2.  

The leading edge of the f i rs t  

P l o t s  of supersonic flow f i e l d  using the method of c h a r a c t e r i s t i c s  
i n  the leading-edge region indicate  that  the flow f i e lds  of blades after 
the first two are, f o r  p r a c t i c a l  purposes, i d e n t i c a l .  The change i n  the  
leading-edge flow may be observed i n  many of the schl ieren photographs 
shown; f o r  instance,  f igures  l 3 ( c ) ,  l> (b ) ,  and 16. 
leading-edge shock of f  the first blade stands farther ahead of the  
blade and i s  nearer t o  normal than those off of the other blades.  This 
r e s u l t  i s  t o  be expected because the expansions from the f i rs t  blade 
have increased the Mach number. 

Note t h a t  the  

I n  t h e  t ransonic  cascade uniform upstream flow conditions such as 
would e x i s t  far upstream of an i n f i n i t e  cascade or r o t o r  are never 
a t t a i n e d  because the  area upstream of the cascade i s  l imited.  Hence 
upstream pressure and Mach number measurements a r e  made i n  a region of 
changing Mach number due t o  the  l o c a l  influence of the blades.  
f o r  t h i s  reason, readings from individual pressure o r i f i c e s  have been 
tabulated i n  the  f i g u r e s .  

Largely 

Where an upstream Mach number has been used 
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i n  t h i s  report ,  it w a s  determined from the  average of the pressure o r i -  
f i c e s  behind the  bow shock of the first blade i n  cascade. 

A primary cause f o r  choking w a s  the  c r i t i c a l  s e t t i n g  and shaping 
of the lower-floor f a i r i n g .  A s  f o r  the blade passages, t h e  passage 
between the lower f l o o r  and the f i rs t  blade must diverge from the  blade 
leading edge rearward. It w a s  observed t h a t  i f  a convergence e x i s t s  i n  
t h i s  passage, the  passage entrance w i l l  be subsonic and the shock strong. 
Flow from t h i s  hi&\-pressure region w i l l  s p i l l  over the leading edge of 
the  first blade and cause the upper port ion of the bow shock t o  be 
stronger f o r  t h i s  blade than f o r  the remaining blades.  
between the  lower f l o o r  and the f i r s t  blade i s  excessively open, flow 
separated from the  lower floor. This separated region const i tuted a 
blockage which caused the flow t o  curve over the f i r s t  blade.  Experi- 
ence has shown t h a t  the b e s t  condition of t h e  lower f l o o r  i s  t h a t  it 
begin curving ahead of the f i r s t  blade, t h a t  the passage be less than 
half a gap and smoothly diverging, and t h a t  the boundary layer be 
removed through the  f l o o r  by making it porous. 

When the passage 

A t  the  top of the cascade a normal shock occurred between the  upper 
f l o o r  and the  l as t  o r  next-to-last  blade. 
l g ( d ) ,  for example.) 
region; however, as y e t  t h i s  region has received i n s u f f i c i e n t  a t t e n t i o n .  

(See f i g s .  10(b), 10(d) ,  and 
Improvements might be made i n  the  flow i n  t h i s  

Blade Model Tests 

Variat ion of pressure-r ise  and pressure-loss coef f ic ien ts  with Mach 
number i s  shown i n  f igure  26 f o r  the T1- (8A21$)06 blade sect ion with 

converging w a l l s .  
s t a t ic -pressure  o r i f i c e s  a t  s t a t i o n  A ( f i g .  l), since the attempt t o  
measure Mach number from in te rsec t ions  of Mach waves ( f i g .  5 )  was unsat- 
i s fac tory .  The pressure lo s s ,  as w e l l  as the pressure r i s e ,  increases  
sharply between Mach number 0.9 and 1.0. 
responsible f o r  the la rge  increase i n  the l o s s  coef f ic ien t .  The pressure- 
r i s e  parameter compares qui te  wel l  with a point  taken i n  a r o t a t i n g  
machine near the same t e s t  conditions ( r e f .  5 ) .  
wave pa t te rns  a r e  a l so  shown i n  reference 5 f o r  t h i s  blade sect ion.  

The Mach numbers were obtained from measurements a t  

The shock losses  a r e  probably 

Generally similar shock 

Some t e s t  r e s u l t s  f o r  the  CW1 blades a r e  presented i n  f igure  27 
showing the combined e f f e c t s  of angle of a t t a c k  and i n l e t  angle change. 
The range of useful  angle of a t t a c k  i s ,  as expected, r a t h e r  small. A t  
an angle of a t t a c k  of 2 O ,  p of 520, it i s  apparent from the losses ,  
pressure-r ise  coef f ic ien t  and f’rom t h e  schl ieren p i c t u r e  ( f i g .  10) t h a t  
overexpansion has taken place on the upper surface creat ing a much 
higher Mach number; consequently, the  steeper pressure r ise through t h e  

CONFIDENTIAL 



......................... . 0 .  . 0 .  . 0 .  0 .  0 .  . . . . . . . .  . 0 .  . . . . .  0 . .  

. ...... . . . . . . . . . . . . . . . .  0 .  
0 .  .......... ....... &IPEMIP6r* ....... 9 

normal shock separates  the  flow near the  t r a i l i n g  edge of the blade 
causing a normal shock i n  the  passage and a higher pressure- loss  
coef f ic ien t .  

Further t e s t  work w a s  done on this  blade sec t ion  with the leading 
and t r a i l i n g  edges reversed. T h i s  configuration i s  designated CW2 and 
t e s t  r e s u l t s  a t  t h ree  values of a and p are shown i n  figure 28. A 
comparison of f igure  28 w i t h  f i gu re  27 a t  high Mach numbers shows that 
the  sharp leading-edge p r o f i l e  CW1 has lower losses  and. higher pressure 
r i s e  than the  blunt-nose p r o f i l e  CW2. 

An e f f o r t  w a s  made t o  determine the  e f f e c t  of i n l e t  angle on t h e  
pressure-r ise  and pressure-loss coe f f i c i en t s  using the CW1 blade sec- 
t i o n .  Figure 29 shows the  pressure r i s e s  and losses  f o r  three angles 
of a t t a c k  a t  i n l e t  angles of 50°, 5Z0,  and 5 4 O .  These values, when 
compared t o  those of f i gu re  27 (high i n l e t  angles ) ,  show an increase i n  
l o s s  coe f f i c i en t .  Decrease i n  performance i s  a t t r i b u t e d  t o  passage 
area approaching the  upstream area; consequently, a t  the  lower angles  
of a t t a c k  a normal shock i n  the passage may cause severe separat ion.  

A comparison i s  made i n  f igu re  30 of pressure- r i se  and pressure- 
loss  coe f f i c i en t s  p l o t t e d  aga ins t  Mach number for  the blade sec t ions  CW1 
and 65-(4A10)06 a t  the  optimum angle of a t t ack .  
coef f ic ien ts  are roughly t h e  same, but  the pressure rise for the  wedge 
blade rises s teeply  through the  Mach number range t e s t e d .  The explana- 
t ion ,  o r  a p a r t  of it, may be found i n  figures 14(b) and 14(c)  and f i g -  
ures  20(b) and 20(c) .  I n  f igure  14 the bow wave i s  attached; conse- 
quently, a s t rong normal shock i s  formed pas t  the t r a i l i n g  edge of t he  
upper surface and the  pressure r ise across t h i s  shock accounts f o r  the 
favorable increase shown i n  figure 30. I n  f igu re  20 the bow wave would 
not a t t a c h  t o  the th icker  leading-edge sec t ion  of the  65-series; conse- 
quently, a forked shock was formed on the upper surface and separat ion 
occurred, thereby decreasing the e f f ec t ive  pressure r ise.  

The pressure- loss  

CONCLUDING REMARKS 

A t ransonic  cascade has been designed and operated successful ly  by 
use of a variable-geometry nozzle and a s l o t t e d  f l o o r .  
blade configurations were t e s t e d  over an in le t -angle  range which i s  of 
i n t e r e s t  t o  t ransonic  and supersonic compressor designers .  The r e s u l t s  
i nd ica t e  t h a t  a t ransonic  cascade i s  p r a c t i c a l  and w i l l  give r e s u l t s  

Four compressor- 

CI)NFIDEItT IAL 



......................... . 0 .  . 0 .  . 
0 .  0 .  0 .  . . . .  . . . . . . . .  . . . . . . . . . . . . . . . .  . ...... . . .  '.a&?lbmgf&..* : : 10 .......... ....... .... 0 .  0 .  

applicable t o  compressor design. Csscade pressure rise i s  shown t o  be 
i n  fa i r  agreement with the  single-rotor t e s t  point which i s  avai lable .  

Langley Research Center, 
National Aeronautics :tnd Space Admini s t r a t  ion, 

Langley Field,  V a . ,  August 28, 1959. 
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TABLE I.- COORDINATES FOR T1- 8 A  I 06 HAVING 
2 % )  

 PERCENT MAXIMUbI THICI(NESS 

rStat ions and ordinates  i n  percent chord 1 
L -1 

Percent 
chord 

0 
-5  
.75 

1.25 
2.50 
5 .oo 
7 -50 

10 .oo 
15 .oo 
20 .oo 
25 .oo 
30 .oo 
35 .OO 
40 .OO 
45.00 
50 .oo 
55 -00 
60.00 
65 .oo 
70 .oo 
75 .oo 
80 .oo 
85 .oo 
go .oo 
95 -00 
100.00 

Upper surface 

0 A582 
.5839 
.7875 

1.1850 
1.8321 
2.3654 
2.8375 
3.6711 

5.0721 
5.6493 
6.1596 
6 - 5939 
6.9629 
7.2711 
7.5046 
7.6611 
7.6446 

6 9879 
6.3293 

4 1779 
2 9 6539 

4.4082 

7 A218 

5 3 8 1 1  

Lower surface 

-0 ~ 9 0 4  
- 2039 
- -1993 
- -1350 
.01.61 
.1886 
.3 604 
.6889 
.9679 

1.2096 
1.4246 
1.5964 
1 .Tho4 
1.8311 
1.8611 
1 .8293 
1.7329 
1 . a 5 4  
1.5821 
1.5143 
1.4064 
1.2532 

a9721 
.5161 

Leading-edge radius  = 0.343 
Trailing-edge radius  = 1.000 
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TABLE 11.- COORDINATES FOR 65-(4AlO)O6 BLADE SECTION 

I 

40 60 
X 

80 100 

X 

0 
1.25 
2.5 
5 -0 

10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 

YU 

----- 
0.924 
1.322 
1.936 

3.540 
4.072 

4.795 
5 . o n  
5.140 
5 -173 
5.106 
4.931 
4.660 
4.335 
3.974 
3 -577 
3 .I36 
2.645 
2.089 

2.854 

4.485 

1.443 
----- 

Y l  

------ 
-0.496 
- .578 - -672 
- .786 
- .848 
- .888 
- .905 
- -907 
- .891 
- .856 
- -793 - .694 
- -551 
- -376 
- .215 
- .086 

.003 

.049 

.047 
- .021 
- -179 ------ 

L .  E .  rad ius :  0.240 L .  E .  rad ius  slope: 0.168 
T .  E .  rad ius :  0.600 T .  E .  rad ius  slope: 0.168 
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TAPLE 111.- BLADE TESTS 

Blade 
sec t  ion 

T1- (8n,1%)06 0.80 

.80 

.80 

.80 

.80 

.80 

.80 

.80 

.80 

.80 

-80 

.80 

56.1 

58 

60 

62 

57 

39 

61 

50 

52 

54 

50 

52 

54 

13 -6 

-2 

0 

2 

2 

4 

6 

0 

2 

@ 

4 

2 

4 

6 

5 

{ !  
9 

10 

11 

12 

13 

14 

{ 
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X 
C T1 - 6-percent thickness d i s t r i b u t i o n  I 

6s-series - 6-percent thickness d i s t r i b u t i o n  

I 
.60 .80 1 .oo e 2 0  -40 

11 
C 

Figure 3 .- Comparison of T1 and 65-series thickness distributions. 
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(-1 2, = 1.03 

,821 
5 1.4% 
10 1 . 4 8  
21) 1.1116 
30 1.451 Upper 
It0 1.1171 
50 1.512 
70 1.239 
90 1.248 

(bl H1 = 1.08 

.- - 
I.- 59 -6043 

Figure 5.- Schlieren photographs and Mach number distribution for tests 
of T1- [8AeI~b) 06 blade sections in converging-wall cascade at 
a = 13.6O, p = 56.i0, and u = 0.80. 
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1.109 
1.021 
1.47 

L-59-6044 
Figure 6.- Schlieren photographs and Mach number distribution from cas- 

cade tests of CW1 blade sections at a = -2O,  P = 5 8 O ,  and cr = 0.80. 
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8 1.212 
9 1.135 
10 1.245 
I1 1.22 
12 1.222 
I3 1.2112 
14 1 220 
Ij 1.224 
16 1.256 
17 _---- 

1.278 
1.269 
1.2112 
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I5  
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85 
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. I 1  
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.929 , Iarer 
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.By2 

1.m 1.162 
1.>41 
1.2ll 
1.112 . Upwr 

1.215 1.421 

1.755 1.466 

L-59-6045 
Figure 7.- Schlieren photographs and Mach number distribution f’rorn cas- 

cade tests of C W 1  blade sections at u = -2O,  P = 5 8 O ,  and rs = 0.80. 

CONFIDENTIAL 



......................... ........ . 0 .  . 0 .  0 .  0 .  ...... . . . . . . . . . . . . . . . . .  . 0 .  . 0 .  . 
0 .  0 .  . . . . .  ....... :.CONnmmm...* 0 : .  : .......... 21 

L 39-6046 
Figure 8.- Schlieren photographs and Mach number distribution f r o m  cas- 

cade tests of CW1 blade sections at a = -2O, p = 5 8 O ,  and u = 0.80. 
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FiL = 1.2995 
'CJ 2 i 0.0552' ql ' R, = 0.921 

1.288 

1.480 

R1 = 1.209 
d) "pt = 0.01)s. ' Ry = 0.9B 91 

1.21: 
1.M 
1.261 

L-59-6047 
Figvre 9.- Schlieren photographs and Mach number distribution from cas- 

cade tests of CWL blade sections at u = Oo, P = 60°, and IS = 0.80. 
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L- 59 - 6048 
Figure 10.- Schlieren photographs and Mach number distribution from cas- 

u = 0.80. cade tests of CW1 Glade sections at u = 2O,  p = 6 2 O ,  and 
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L-59-6049 
Figure 11.- Schlieren photographs and Mach number distribution from cas- 

0 = 0.80. cade tests of CW2 blade sections at u = 2O,  p = 5 7 O ,  and 
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L - 5 9 - 6 0  Figure 12.- Schlieren photographs and Mach number distribution from cas- 
a = 0.80. cade tests of CW2 blade sections at u = 4O, p = 5 9 O ,  and 
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L- 59-60> 1 
Figure 13.- Schlieren photographs and Mach number distribution f r o m  cas- 

CJ = 0.80. cade tests of CW2 blade sections at u = 6 O ,  p = 6i0, and 
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~ 5 9 - 6 0 5 2  
Figure 14.- Schl ieren photographs and Mach number d i s t r i b u t i o n  *om cas- 

u = 0.80. cade t e s t s  of C W 1  blade sect ions a t  a = Oo, = 30°, and 
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L- 59-6053 
Figure 15.- Schlieren photographs and Mach number distribution from cas- 

u = 0.80. cade tests of CW1 blade sections at u = 2O, p = 5z0, and 
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~59-6054  
Figure 16.- Schl ieren photographs and Mach number d i s t r i b u t i o n  from cas- 

p = 520, and u = 0.80. cade tests of CW1 blade sect ions a t  u = 2O,  
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L-59-6055 
Figure 17.- Schlieren photographs and Mach number d i s t r i b u t i o n  from cas- 

= 5 2 O ,  and Q = 0.80. cade t e s t s  of CW1 blade sections a t  u = 2 O ,  
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L-59-6056 
Figure 18.- Schlieren photographs and Mach number distribution from cas- 

u = 0.80. cade tests of CW1 blade sections at u = bo, P = 54O, and 
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L- 59 - 60 57 
Figure 19.- Schlieren photographs and Mach number d i s t r i b u t i o n  from cas- 

u = 0.80. cade t e s t s  of CW1 blade sect ions a t  u = bo, p = 54O, and 
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L-59-6058 
Figure 20.- Schlieren photographs and Mach number distribution from cas- 

cade tests of 65-(4A,o)06 blade sections at 
CJ = 0.80. 

u = 2O, p = 50°, and 
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Figure 21.- Schlieren photographs and Mach number distribution f’rom cas- 
cade tests of 65-(4Alo)O6 blade sections at 
d = 0.80. 

u = 2O,  p = 50°, and 
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1, = 1.191 
b) = 0.0720; R, = w, 

E )  = 0.0723; 

L- 59 - 6060 
Figure 22.- Schlieren photographs and Mach number distribution from cas- 

cade tests of 65-(4A,o)06 blade sections at u = 4O, p = 3 2 O ,  and 
CJ = 0.80. 
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L- 59- 606 1 
Figure 23.- Schlieren photographs and Mach number distribution from cas- 

cade tests of 65-(4A10)06 blade sections at u = 4O,  p = 52O,  and 
u = 0.80. 
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Figure 24.- Schlieren photographs and Mach number distribution f r o m  cas- 

cade tests of 65-(4A10)06 blade sections at 
(J = 0.80. 

u = 6O, p = 9t0, and 
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L- 59- 6063 
Figure 25.- Schlieren photographs and Mach number distribution from cas- 

cade tests of 65-(4A10)06 blade sections at u = 6 O ,  

u = 0.80. 
p = 54O, and 
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Figure 27.- Pressure r a t i o  and to ta l -pressure- loss  coef f ic ien t  p l o t t e d  
p = 60°; agains t  Mach number f o r  t he  CWl blade sec t ion  a t  
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Figure 28.- Pressure ratio and total-pressure-loss coefficient plotted 
p = 5 7 O ;  against Mach number for the CW2 blade section at 

a = 4', B = 59O;  and a = 6 O ,  p = 61O. CJ = 0.80. 
a = 2O, 
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Figure 30.- Comparison of pressure'ratio and total-pressure-loss coeffi- 
cient for the C W 1  and 65-(4~,,)06 blade sections at several Mach 
numbers. 
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